T violation in B ^ K* 



from SUSY 



(N 

o 
o 

(N 



00 : 

(N . 
(N 

> : 
^ . 

o ' 
m ■ 

^ : 
o . 

o : 
Oh: 



X 



Chuan-Hung Chen"-'' and C. Q. Geng'^''^ 
"Department of Physics, National Cheng Kung University Tainan, Taiwan, Republic of China 

'institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China 
'^Department of Physics, National Tsing Hua University, Hsinchu, Taiwan, Republic of China 
''Theory Group, TRIUMF, 4004 Wesbrrok Mall, Vancouver, B.C. V6T 2A3, Canada 

We propose to use T-odd momentum correlations as physical observables to study T violation in 
B K*l^l'^ {I = e,^) decays. We show that these observables are zero in the standard model 
but sizable at the level of 10% in the supersymmetric model. These large T violating effects are 
measurable at the B-factories in KEK and SLAC and future hadron colliders. We also point out 
that the T violating effects are insensitive to nonperturbative QCD contributions. 



PACS 13.20.He, 11.30. Er, 12.60. Jv, 12.38.Bx 

The study of flavor change neutral current (FCNC) 
in B decays has an enormous progress since the CLEO 
observation of the radiative b ^ decay. Recently, 
the process oi B ^ Kfi^fi~ has been observed |^ at the 
Belle detector in the KEKB e+e^ storage ring with the 
branching ratio of (7.5l:2:i ± 0.9) x 10"^ while the SM 
expectation is around 5 x 10^'' 1^. Experimental searches 
at the B-factories for B K*l^l~ are also within the 
theoretical predicted ranges Q . 

Via B decays such as _B ^ J/^P K , we can test the 
origin of CP violation (CPV) in the SM which is the 
consequence of the CKM quark mixing matrix CP 
asymmetries (CPAs) in B decays are usually defined by 
acp oc P — f and Acp{t) cx T{t) — f{t). The former case, 
called direct CPA or CP-odd observable, needs both weak 
CP violating and strong phases, while the latter one of 
the time dependent CPA contains not only a non-zero 
CP-odd phase but also the B ~ B mixing. We note that 
the present world average for a*p is 0.79 ± 0.12 [|||^] 
comparing with the SM prediction of 0.70 ± 0.10 0. 

To study CPV, one can also define some other use- 
ful observables by the momentum correlations. For ex- 
ample, in a three-body decay, the simplest ones are the 
triple correlations of s ■ (pi x pj) |^ , where s is the spin 
carried by one of outgoing particles and pi and pj de- 
note any two independent momentum vectors. Clearly, 
these triple momentum correlations are T-odd observ- 
ables since they change sign under the time reversal (T) 
transformation of t ^ —t. In terms of the CPT invari- 
ant theorem, T violation (TV) implies CPV. Therefore, 
studying of T-odd observables can also help us to under- 
stand the origin of CPV. We note that the T violating 
observables such as the above triple correlations do not 
require strong phases. In the decays of B ^ K*l^l^ 
(I = e, /i, and r), the spin s can be the polarized lepton. 
Si, or the K* meson, e*(A). Considering the polarized 
lepton, as known, the polarization is always associated 
with the lepton mass, and thus we expect that the T vi- 
olating effects are suppressed and less than 1% for the 
light lepton modes |g| . Although the r mode can escape 
from the suppression, the corresponding branching ratio 
(BR) which is O(10~^) is about one order smaller than 
those of e and /i modes. 



It is known that CPAs such as acp in B ^ K*l^l^ are 
small even with weak phases of 0(1) due to the smallness 
of strong phases ||l0|| . In this paper, we concentrate on the 
possibility of having large T-odd terms such as ex* (A) • 
{pi+ X PA'*) OC e f_i,yaf3q'^e*'^ {X)pf in the decays of B —>■ 
K*l^l^ {I — e,fj,), and for simplicity we set m; = 0. We 
will show that these types of T violation are zero in the 
SM but they could be sizable in new physics such as the 
theories with SUSY. 

The effective Hamiltonian of 6 sl^l^ is given by |l|] 
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- Cwsj^PLb, = h'^l, L^^ = hf^j^l (1) 

where Vtq {q — s,b) are the CKM matrix elements, 
d (i = 7, 9, 10) are the Wilson coefficients (WCs) and 
their expressions can be found in Ref. [|ll| for the SM. 
Since the operator associated with Cio is not renormal- 
ized under the QCD, it is the only one with the ^ scale 
free. Besides the short-distance (SD) contributions, the 
main effect on the BR comes from cc resonant states 
such as etc., i.e., the long-distance (LD) contribu- 

tions. In the literature |l2|, it has been suggested to 
combine the factorization assumption (FA) and vector 
meson dominance (VMD) approximation in estimating 
LD effects for the B decays. Hence, we may include the 
resonant effect (RE) by absorbing it to the related WC. 
The effective WC of Cg is given by 



a 



Co{^l) + i3C\{^l) + C2{p)){h{x,s) 



7TT{j l + l-)Mj 



g2 - Mf 



(2) 



where h{x, s) describes the one-loop matrix elements 
of operators Oi = Saj'^PLbp cp^^PLCa and O2 — 
sjt^Pj^b c^^Plc ||1^, Mj {Vj) are the masses (widths) of 
intermediate states, and the factors kj ^ — l/(3Ci(/i) -f 
C2(/i)) are phenomenological parameters for compen- 
sating the approximations of FA and VMD and repro- 
ducing the correct BRs Br {B J/*X -f l+l-X) = 



1 



Br{B^J/-^X) X Br{Jl-^->l+l-). Here, we have 
neglected the smaU Wilson coefBcients. The transition 
amplitude for B K*l^l^ decays is found to be 



Ml^J = ihe^..cpe*-{X)P^q" + /2e;(A) + he* ■ qP^ (3) 

where subscript a — 1(2) while fi = hi (gi) (i = 1, 2, 3) 
and 
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h2i3) = -C9^^^(/i)Ao(i)(g2) + ^CJ{^,)To{q'), 
gi = CwV{q^) , 52(3) = -C'io^o(i)('7^) • 



(4) 



Here, P ~ pi +p2, q ^ Pi— P2, and the definitions of the 
form factors in Eq. (Q) and the correspondences between 
our notations and those used in the literature can be 
found in the Appendix of Ref. Q . 

To obtain the T-odd terms oi ef,^apq''e*''{X)p'j'P'^ , we 
have to study the processes of i? ^ K*l^l^ {Ktt)1~^1~ 
so that the polarization A and A' in the differential 

decay rate, written as dV oc H{X,X') M^^l M'^^J^ 
with iJ(A, A') = e(A) ■ pk e*(A') ■ pk, can be differ- 
ent. From Eq. (^), we see that M2^J only depends on 
Cio- Clearly, the T violating effects can not be gener- 
ated from M[^JM2^^)\ but induced from m[^J Mf'^}'' 
and Mi^i ■^2^1^)'' ■ This can be understood as follows: 
firstly, for the m[^^ M[^^)''TrL''U''' contributions with 
Tri^L^' ^ + p^^pi^^ - gt^t^' .p^^y the rele- 

vant T-odd terms can be roughly expressed by 

M[^jM[^^}^TrL''Li'' cx 
ZiImhih;e{0) ■ qe^,,o.pq''e*''{±)p'j'-,P^ + 
Z2lmhih*2e{Q) ■ pi+e^,„0g''e*''(±)pf+P^ -f 
Z^ilmhihleiT) ■ Pi+e^,o.m''t*%±)p'^^pl' (5) 

where Zi (i — 1,2,3) are constants. From Eq. (^, one 
gets Imhihl ^ Imhih'^ ^ ImCg-^^ {iJ,)Cr{^). We note 
that as shown in Eq. (|^) , the T-odd observables could be 
non-zero if the process involves strong phases or absorp- 
tive parts even without CP violating phases. By means 
of Eq. (^, Cg^^ {fj.) includes the absorptive parts such 
that the results of Eq. ^ are not vanished in the SM. 
Secondly, for A^^^^A^^^'^^TrL^L^M'^ one gets 

{M['jMi';}'+M^^jM^^;)') TrL^L^^' cx 
(/m/i253 - lTT^h^9*2) £;..a/3Q"e*"(±)pr+^^ (6) 

where TrLf^L^f^ = — 4i£^^ "^QaPi+fs has been used. 
FromEq. (|), we find that Imh2g^ — Imh3g2 is only re- 
lated to ImC7{^)Clf^ and the dependence of ImCQ{fi)CiQ 



is canceled in Eq. (||). For the decays of & ^ sZ+/^, since 
usually there are no absorptive parts in Ci{fi) and Cio, 
a non- vanishing value of ImCj{pL)Cl^^ indicates the pure 
weak CP violating effects. 

In order to derive the whole differential decay 
rate for the K* polarization, we choose e(0) = 
{\pKA,^.^,EK')/mK', e(±) = (0,l,±i,0)/\/2, and 
Pi+ — \/^{l,sm9i,0,cos9i)/2^ffii'hEK' — {m%' 

q')nV' 



and \p 



K* 



yp^, — mj^, in the q rest frame 
and = (1, sin cos 0, sin sin 0, cos 0i<-)mx*/2 in 
the K* rest frame where </> denotes the relative angle of 
decaying plane between Ktt and l^l^. The differential 
decay rate with the only relevant terms is given by 



dr 



3al„^G%\Xt\'\p\ 



d cos 9Kd cos 9 1 dipdq"^ 
X {A cos^ 9 Ks'^■a^Ol ^ + sin^ 6'a'(1 + cos 



Br{K* Ktt) 



(lAl+p + |Xr|2) -sin26'Ksin26'isin0 

1=1,2 

Y Im{Mt - Mi)M°* -2 sin^ 9k sin^ 9i sin 2</> 
Im{MtM^*) +2sin26'Ksin6'iSin0(/mA^? 

1=1,2 

{Mt* + M2 *) - Im{Mt +M^)Ml*) + •••]}, (7) 

where \p\ = [{{m\ + "^/f* ~ 9^)/(2TOfc))^ — to^-.J^/^ and 
and AAf denote the longitudinal and transverse po- 
larizations of K* respectively and their explicit expres- 
sions are as follows: 



Ml 




2 + 2vg /a 



q^±2\pKA^q^h + f2 



The detailed derivation will be discussed elsewhere 

[Q. Other distributions for the K* polarization 

can be found in Ref. |l^]. From Eqs. (|^) 

and (||), wc know that Im[M^ - Ml)M^* and 

Im{MjMi*) are from M^^^Mf^)^TrLf'Lf'' while 
ImMliM^* +M2*) - Im{Mi +M^)Mf is induced 
by M[^JM'2^^)^TrL^'L'^''' . 

As seen from Eqs. (|^) and (^), there are two possible 
sources for T violation, which are related to ImCg^^C^ 
and /mCyC^Q, respectively. In this paper, we only con- 
centrate on the contribution from ImCTC*Q and explore 
the possibility of existing new CP violating phases. To 
do this, we examine the T-odd observable, defined by 

(O) = J OdT . (8) 

where O is a T-odd five-momentum correlation, given by 
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{PB ■ Pk) {PB ■ {PK X pi+)) 



(9) 



with UJI+ = q ■ Pi+/\/q^- In the K* rest frame, we note 
that O = cos 9k sin Ok sin 6i sin (p. The statistical signif- 
icance of the observable in Eq. (H) can be determined 
by 



JOdT 



iJdr)ijo^dr) 



(10) 



Integrating all relevant angles in Eq. (|o|), we get 
0.76 



■.[ImMliMt* + M^*) - 



Im[M+ + M^)M 



0*1 



Vi = 



E 



\M 



0|2 1 /i . .^i2 



\M 



- |2 



(11) 



To observe the effect at the na level, the required number 
of B mesons is Nb — /{Br ■ e^). 

It is known that to study the exclusive decays of 
B — > K*l~^l~, the main uncertainty is from the tran- 
sition form factors in Eq. (Q) . The calculations of matrix 
elements for exclusive hadron decays can be performed 
in the perturbative QCD (PQCD) approach developed 
by Lepage-Brodsky (LB) |l^. However, with the LB ap- 
proach, it has been pointed out that perturbative evalua- 
tion of the pion form factor suffers singularities from the 
end-point region with a momentum fraction a; — > [ p7[ . 
In order to take care of the end-point singularities, the 
strategy of introducing kx , the transverse momentum of 
the valence quark, and threshold resummations has been 
proposed and shown that the end-point sin gul arities can 
be dealt with self-consistent in the PQCD ||l^. Our cal- 
culations will base on such an approach. Wc use the 
results that have been displayed in Ref. jl^. The form 
factors given by the other QCD approaches such as the 
quark model (QM) and light-cone QCD sum rule (LCSR) 
can be found in Ref. |]3|,p0| 

It is well known that supersymmetric theories not only 
supply an elegant mechanism for the breaking of the elec- 
troweak symmetry and a solution to the hierarchy prob- 
lem, but provide many new weak CP violating phases. 
Unfortunately, it has been shown that with the univer- 
sal soft breaking parameters, these phases are severely 
bounded by electric dipole moments (EDMs) of electron 
and neutron so that the contributions to e and e' 
become negligible. However, one may avoid the EDM 
constraints by setting the squark masses of the first two 
generations to be as heavy as few TeV The SUSY 
models with the non-universal soft A terms inspired by 
string theories pS] and left-right symmetry p4|, which 




FIG. 1. The differential decay BRs as a function of s: The 
solid (dashed), long dash-dotted (dotted) and dash-dotted 
(dense-dotted) lines describe the results of the PQCD (LCSR) 
in the standard, model-independent with ImCr — 0.25 and 
SUSY models, respectively. 



have unsuppressed weak CP phases and lead to the ob- 
served e, e' and the large CPA of i? Xgj, have also 
been proposed. 

To illustrate the new physics contributions, we shall 
use (a) a model-independent approach by assuming that 
the CPV only arises from C7, the main effect for 6 ^ 57, 
with taking ImC'j = 0.25 and the values of remaining 
WCs are the same as those in the SM; and (b) the results 
of thegeneric supersymmetric extension of the SM in 
Ref. p5| where, instead of scanning the whole allowed 
parameter space, we take the values 



SUSY 



ReCf 



0, ImC^^S'' 
-0.6, /mC|^^^ 
8.5, /mCfo^s^ 



-0.27, 
-0.1, 
- 2.5. 



(12) 



Here, the scale for WCs without specified is Mw, which 
can be taken approximately the same as the SUSY scale. 
Several remarks concerning on the SUSY models are 
given as follows: (i) the source of the CP violating phases 
is embedded in the sfermion mass matrices with the mass- 
insertion method |^5|; (ii) we assume that the flavor di- 
agonal terms in the SUSY models are either real or small 
so that there are no new constraints from the EDMs of 
neutron and electron; (iii) for Im Cf^^^ = ±0.27, we 
find that Br{B — > Xgj) increases ~ 10% by compar- 
ing with that in the SM |^ , consistent with the data of 
(3.22 ± 0.40) X 10^'' lUl, and the rate CP asymmetry in 
6 — + 57 is about ±4%, much larger than the SM predic- 
tion of ^ 1% but still within the recent 95% range 
of —0.30 to 0.14 implied by the CLEO measurement P9[ ; 
and (iv) the SUSY effect on B ^ J/-^ K with the val- 
ues in Eq. (^2|) is small, while those with other allowed 
parameters in SUSY have been discussed in Ref. [Q. 

With the values in Eq. (|2|), we find that the BRs 
of i? ^ K*l^l^ in the standard, model-independent 
and SUSY models are 1.33 (1.88), 1.51 (2.06) and 
1.29 (5.17) X 10-6 for the PQCD (LCSR), respectively. 
We note that the corresponding BRs for B Kl^l~ are 
5.32 (5.17), 5.36 (5.22) and 5.19 (4.94) x 10"^ respec- 
tively, which so far are all consistent with the experimen- 
tal data p]. The differential decay rates of i? ^ K*l^l^ 
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FIG. 2. The statistical significance e of the T violating 
observable (O) in (a) the model-independent approach with 
ImCr — 0.25 and (b) the generic SUSY model as a function 
of s. The solid and dash-dotted lines stand for the results of 
the PQCD and LCSR, respectively. 

as a function of s = /m/^ are shown in Fig. |l|, and the 
distribution of e(g^) is displayed in Fig. ||. From Fig. ||, 
we see that the uncertainty from the different QCD ap- 
proaches is compatible to the new physics effects. Thus, 
it is not easy to ensure the existence of new physics by 
only measuring the branching distribution. However, the 
T violating observable (O) which is zero in the SM, could 
be large. In particular, in the SUSY model, the statisti- 
cal significance eiq^) of (O) can be over 30% at the low 

region and it is insensitive to non-PQCD effects. 

Finally, we note that the origin of the T violating effect 
here would be quite different from the CPA in 6 — *■ 57. 
For example, e{q'^) can be non-zero and large even for 
the case of Im C7 = with CPV arising from phases in 
non-dipole WCs such as Cio due to new physics, whereas 
acp{b ^ 57) is the same as that in the SM. 

In summary, we have shown that, by measuring the 
angular distributions of K and leptons, one can obtain 
the individual informations of longitudinal and trans- 
verse polarizations of K* which are all sensitive to physics 
beyond the SM. For reducing the uncertainties of QCD 
effects, one can define some physical observables normal- 
ized by the differential decay rate. Among different angu- 
lar distributions, we have found that the T-odd contribu- 
tion arising from AT^^^'Mj^, is purely related 
to the weak CP violating phase, which could be sizable 
in new physics such as the model with SUSY. Searching 
for such a T violating distribution, one can distinguish 
the new CP violating source from the CKM mechanism. 
We remark that to observe the T violating effects of (O) 
in B ^ K*l+l- {I = e,ij) with e ~ 10% at the la level, 
at least 5 x 10^ i? mesons are needed, which can be done 
at the B-factories in KEK and SLAC and future hadron 
colliders. 
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